Apoptosis is a potent immune barrier against viral infection, and many viruses, including poxviruses, encode proteins to overcome this defense. Interestingly, the avipoxviruses, which include fowlpox and canarypox virus, are the only poxviruses known to encode proteins with obvious Bcl-2 sequence homology. We previously characterized the fowlpox virus protein FPV039 as a Bcl-2-like antiapoptotic protein that inhibits apoptosis by interacting with and inactivating the proapoptotic cellular protein Bak. However, both Bak and Bax can independently trigger cell death. Thus, to effectively inhibit apoptosis, a number of viruses also inhibit Bax. Here we show that FPV039 inhibited apoptosis induced by Bax overexpression and prevented both the conformational activation of Bax and the subsequent formation of Bax oligomers at the mitochondria, two critical steps in the induction of apoptosis. Additionally, FPV039 interacted with activated Bax in the context of Bax overexpression and virus infection. Importantly, the ability of FPV039 to interact with active Bax and inhibit Bax activity was dependent on the structurally conserved BH3 domain of FPV039, even though this domain possesses little sequence homology to other BH3 domains. FPV039 also inhibited apoptosis induced by the BH3-only proteins, upstream activators of Bak and Bax, despite interacting detectably with only two: BimL and Bik. Collectively, our data suggest that FPV039 inhibits apoptosis by sequestering and inactivating multiple proapoptotic Bcl-2 proteins, including certain BH3-only proteins and both of the critical "gatekeepers" of apoptosis, Bak and Bax.
Apoptosis is a highly conserved form of programmed cell death that plays an important role in the immune defense against pathogens. The controlled and deliberate destruction of virally infected cells comprises a potent innate immune barrier against rampant viral replication and infection. As such, many viruses, including poxviruses, encode numerous proteins that inhibit a variety of steps in the biochemical pathways that lead to cell death (29, 69) .
The mitochondria, and the Bcl-2 family of proteins that preside over them, serve as an important control point in the regulation of apoptosis (87) . United by the presence of one to four highly conserved Bcl-2 homology (BH) domains, the Bcl-2 family regulates the integrity of the outer mitochondrial membrane (OMM) and controls the release of apoptogenic molecules from the mitochondrial intermembrane space. Bak and Bax, the two proapoptotic Bcl-2 proteins, possess BH domains 1 to 3 and, upon activation, commit the cell to death (53, 77) . Whereas Bak resides constitutively at the OMM, Bax exists in an inactive form in the cytoplasm and, upon apoptotic insult, undergoes a conformational change that exposes its C-terminal transmembrane domain and results in its relocalization to the OMM (10, 34, 41, 56) . The attendant exposure of the N termini of both Bak and Bax precedes Bak and Bax homooligomerization, which facilitates mitochondrial damage and, ultimately, the release of cytochrome c (3, 4, 36, 37, 76) . Cytochrome c, in turn, triggers the activation of caspases, a group of cysteine proteases responsible for dismantling the apoptotic cell (59) . Bak and Bax are therefore crucial for the induction of apoptosis and, because either Bak or Bax alone is sufficient to facilitate the release of cytochrome c, both must be inactivated to effectively inhibit apoptosis (53, 77, 90) . The activation of Bak and Bax is counteracted by the antiapoptotic members of the Bcl-2 family, including Bcl-2, Bcl-X L , and Mcl-1. These three proteins, which possess all four BH domains, reside at the mitochondria and prevent apoptosis by directly interacting with and inhibiting Bak and Bax or the BH3-only proteins (87) . The BH3-only proteins, which possess only the BH3 domain, act as sentinels responsive to a variety of cellular stresses, including virus infection (79) . Upon receipt of an apoptotic stimulus, BH3-only proteins become activated and subsequently activate Bak and Bax or inhibit the antiapoptotic function of Bcl-2, Bcl-X L , and Mcl-1 (15) . Of the eight BH3-only proteins that are directly involved in the induction of apoptosis-namely, Bim, Bid, Puma, Bik, Bmf, Bad, Noxa, and Hrk-each displays a specific and characteristic ability to bind and inhibit Bcl-2 proteins (79) .
Like cellular antiapoptotic Bcl-2 proteins, viral inhibitors of apoptosis have evolved especially to interfere with the activation of Bak and Bax (18, 40) . For example, E1B 19K, encoded by adenovirus, and M11L, encoded by myxoma virus, bind and inactivate both Bak and Bax to inhibit apoptosis (26, 49, 65, 67, 72) . Similarly, ORF125, the antiapoptotic protein encoded by the poxvirus Orf virus, also inactivates Bak and Bax, but exactly how ORF125 mediates this inactivation remains unknown (78) . Although interacting with Bak and Bax is ostensibly the most direct way to prevent apoptosis, several viral antiapop-totic proteins appear to inhibit apoptosis by functioning upstream of Bak and Bax at the level of the BH3-only proteins. The vaccinia virus protein F1L, for example, interacts with Bak but not Bax, yet F1L is nonetheless capable of inactivating Bax, likely a result of F1L interacting with the BH3-only protein and Bax activator, Bim (61, 70, 74) . Moreover, the Bcl-2 homolog encoded by Kaposi's sarcoma-associated herpesvirus, and BHRF-1, encoded by Epstein-Barr virus, each interact with a specific and distinct array of BH3-only proteins, yet neither protein interacts detectably with Bak or Bax (14, 27, 44) . Thus, to effectively inhibit apoptosis, it may not be necessary for viral proteins to directly target Bak and Bax but, instead, to prevent the activation of Bak and Bax by interfering with the upstream BH3-only proteins (15) .
Recently, our lab has shown that FPV039, encoded by fowlpox virus, localizes to the mitochondria, where it inhibits apoptosis induced by a variety of stimuli (6) . Interestingly, FPV039 is the only characterized poxvirus protein that shares obvious, albeit limited, sequence homology with cellular Bcl-2 proteins (1, 6) . FPV039 possesses a highly conserved BH1 and BH2 domain but lacks an obvious BH3 and BH4 domain. Importantly, however, we predicted structural homology between the Bcl-2 BH3 domain and a corresponding region in FPV039, and we validated the prediction by showing that this cryptic FPV039 BH3 domain is functionally important (6) . Indeed, the ability of FPV039 to interact with the proapoptotic protein Bak is dependent on this cryptic BH3 domain (6) . Thus, despite lacking sequence conservation of a highly conserved BH3 domain, FPV039 is able to interact with, and inactivate, the proapoptotic protein Bak. Nevertheless, to completely inhibit apoptosis, both Bak and Bax must be inactivated.
Accordingly, we wanted to determine whether FPV039, in addition to inactivating Bak, could inactivate Bax. We report here that FPV039 inhibited Bax activity and prevented critical steps in Bax activation. FPV039 did not appear to interact with endogenous inactive Bax; however, FPV039 was able to interact with active Bax. Moreover, FPV039 inhibited apoptosis induced by the BH3-only proteins despite interacting with only BimL and Bik. Together, these data strongly suggest FPV039 inhibits apoptosis by inactivating multiple proapoptotic Bcl-2 proteins, including the critical Bak and Bax, as well as a discrete subset of BH3-only proteins.
MATERIALS AND METHODS

Cells and viruses. HeLa, HEK 293T, HuTK
Ϫ -143B, baby green monkey kidney (BGMK), and wild-type Jurkat cells were obtained from the ATCC and maintained as previously described (6, 74, 82) . Jurkat cells overexpressing Bcl-2 (Jurkat Bcl-2) were generated and maintained as previously described (7) (74, 75) , and VV strain Copenhagen lacking the F1L open reading frame but expressing Flag-tagged FPV039(1-176), VV⌬F1L-Flag-FPV039(1-176) (6), were generated as described previously. Viruses were propagated in BGMK cells and isolated as previously described (64) .
Plasmids. N1L was amplified by PCR from vaccinia virus DNA using the forward primer 5Ј-GGTACCATGAGGACTCTACTTATT-3Ј containing a KpnI restriction site and the reverse primer 5Ј-GGATCCTTATTTTTCACCA TATAGATC-3Ј containing a BamHI restriction site. N1L PCR product was cloned into pGemT vector (Promega) and subcloned into pEGFP-C1 to generate an N-terminally tagged EGFP-N1L. To generate pcDNA3-HA-Puma, Puma was excised from pCEP4-HA-Puma (provided by B. Vogelstein, Johns Hopkins University, Baltimore, MD) using the restriction enzymes KpnI and BamHI and ligated into pcDNA3. pEGFP-Bcl-X L was generated from p(Bluescript)SKBcl-X L (provided by C. Bleackley, University of Alberta, Edmonton, AB, Canada) using the forward primer 5Ј-GAATTCATGTCTCAGAGCAACCGG-3Ј containing an EcoRI restriction site and the reverse primer 5Ј-GGATCCTCAT TTCCGACTGAAGAG-3Ј containing a BamHI restriction site. pEGFP-Mcl-1 was generated by excising Mcl-1 from pCR3.1-Mcl-1 (provided by H. Rabinowich, University of Pittsburgh, Pittsburgh, PA) using the restriction enzyme EcoRI, followed by ligation into pEGFP-C3. pcDNA3-Bid-Flag was generated from pCMV5-Bid using the forward primer 5Ј-AAGCTTATGGACTGTGAGG TCAAC-3Ј containing a HindIII restriction site and the reverse primer 5Ј-GG ATCCTTACTTGTCGTCATCGTCTTTGTAGTCGTCCATCCCATTTCTG GC-3Ј containing a BamHI restriction site. pcDNA3-tBid-Flag, comprising the caspase-8-cleaved fragment of Bid, was generated from pCMV5-Bid using the forward primer 5Ј-AAGCTTATGGGCAACCGCAGCAGCCAC-3Ј containing a HindIII restriction site and the reverse primer 5Ј-GGATCCTTAC TTGTCGTCATCGTCTTTGTAGTCGTCCATCCCATTTC TGGC-3Ј containing a BamHI restriction site. pEGFP-FPV039(1-176), pEGFP-FPV039(1-94), pEGFP-FPV039(142-176), pEGFP-FPV039(⌬41-54), and pEGFP-F1L were generated as described elsewhere (6, 75) . pcDNA3-HA-Bax and pEGFP-M11L were provided by G. McFadden (University of Florida, Gainesville); pcDNA3-Flag-BimL and pcDNA3-Bmf-T7 were provided by R. Davis (University of Massachusetts Medical School, Boston); pEGFP-Bcl-2 was provided by C. Bleackley (University of Alberta, Edmonton, AB, Canada); pcDNA3.1-Myc-Noxa was provided by D. Leaman (University of Toledo, Toledo, OH); pcDNA3-Myc-Bik was provided by E. White (Rutgers University, Piscataway, NJ); pXJ40-HA-Bad was provided by S. Baksh (University of Alberta, Edmonton, AB, Canada).
Generation of VV-Flag-F1L and VV⌬F1L-FPV039(⌬41-54).
A Flag-tagged version of FPV039(⌬41-54) was generated via PCR from EGFP-FPV039(⌬41-54) using the forward primer 5Ј-GTCGACATGGACTACAAAGACGATGAC GACAAGGCTAGTAGTAATATGAAA-3Ј containing a SalI restriction site and Flag tag and the reverse primer 5Ј-GCGGCCGCTTACATATAAAAGGA ACATAT-3Ј containing a NotI restriction site. Flag-FPV039(⌬41-54) was subcloned into the pSC66 vector, which places the construct under the control of a poxviral promoter (23) . To generate the recombinant VV strain Copenhagen expressing Flag-F1L, CV-1 cells were infected at a multiplicity of infection (MOI) of 0.05 with VV Copenhagen and transfected with 5 g of pSC66-Flag-F1L using Lipofectin (Invitrogen Life Technologies). To generate the recombinant VV strain Copenhagen devoid of F1L but expressing Flag-FPV039(⌬41-54), BGMK cells were infected at an MOI of 0.05 with VV⌬F1L and transfected with 5 g linearized pSC66-Flag-FPV039(⌬41-54) using Lipofectin. Recombinant viruses were selected by growth on HuTK Ϫ -143B cells in the presence of 5Ј-bromodeoxyuridine (Sigma-Aldrich) and plaque purified using 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (Rose Scientific Ltd.) to visualize recombinant viruses (23) . The presence of F1L or FPV039(⌬41-54) was confirmed by PCR, and protein expression was confirmed by Western blotting using the antiFlag M2 antibody (Sigma-Aldrich).
Measurement of mitochondrial membrane potential. Changes in the mitochondrial membrane potential were quantified by staining with tetramethylrhodamine ethyl ester (TMRE; Invitrogen Life Technologies) (24, 55) . ) were transfected with pEGFP, pEGFP-FPV039(1-176), pEGFP-FPV039(⌬41-54), pEGFP-FPV039(1-94), or pEGFP-Bcl-2, and pcDNA-HA-Bax. zVAD.fmk (50 M; Kamiya Biomedical Company) was added following transfection to prevent the downstream activation of caspases. Cells were lysed in lysis buffer containing 2% 3-(3-cholamidopropyl)-dimethylammonio-1-propanesulfonate (CHAPS; Sigma-Aldrich), 150 mM NaCl, 50 mM Tris, pH 8.0, and supplemented with EDTA-free proteinase inhibitor (Roche Diagnostics). Following lysis, nuclei and membranes were spun down, and the supernatant was incubated with 1 M 1,6-bismaleimidohexane (BMH; Thermo Scientific) dissolved in dimethyl sulfoxide for 30 min. Supernatants were acetone precipitated, and cross-linking was quenched by the addition of sodium dodecyl sulfate (SDS) loading buffer containing 100 mM 2-mercaptoethanol. Protein samples were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by Western blotting with an anti-hemagglutinin (HA) antibody.
Immunoprecipitations and immunoblotting. HEK293T cells or Bak
) were transfected using Lipofectamine 2000 and the following plasmids: pEGFP-C3, pEGFP-F1L, pEGFP-FPV039(1-176), pEGFP-FPV039(⌬41-54), pEGFP-FPV039(1-94), pEGFP-M11L, pEGFP-Bcl-2, pEGFP-Bcl-X L , pEGFPMcl-1, or pcDNA3-HA-Bax, and one of pcDNA3-Flag-BimL, pcDNA3-Myc-Bik, pcDNA3-Bmf-T7, pXJ40-HA-Bad, pcDNA3-HA-Puma, pcDNA3-Bid-Flag, pcDNA3-tBid-Flag, or pcDNA3.1-Noxa. zVAD.fmk (50 M; Kamiya Biomedical Company) was added following transfection to prevent the downstream activation of caspases. Cells were lysed in 2% CHAPS lysis buffer, followed by precipitation using goat anti-EGFP antibody (provided by Luc Berthiaume, University of Alberta, Edmonton, Alberta, Canada). Similar experiments were performed in the context of viral infection. HeLa cells (7 ϫ 10 6 ) were infected with VV⌬F1L, VV-Flag-F1L, or VV⌬F1L-Flag-FPV039(1-176) at an MOI of 5 for 16 h. Cells were lysed in 2% CHAPS (Sigma-Aldrich), followed by immunoprecipitation using rabbit anti-Flag M2 (Sigma-Aldrich) or mouse anti-Bax6A7 (BD Biosciences).
To assess Bax activation by immunoprecipitation, 7 ϫ 10 6 HeLa cells were infected with VV-EGFP, VV⌬F1L, VV⌬F1L-Flag-FPV039(1-176), or VV⌬F1L-Flag-FPV039(⌬41-54) at an MOI of 10 for 24 h. Cells were lysed in 2% CHAPS lysis buffer or 1% Triton X-100 lysis buffer (1% Triton X-100, 150 mM NaCl, 50 mM Tris, pH 8.0, EDTA-free proteinase inhibitor [Roche Diagnostics]) followed by precipitation using mouse anti-Bax6A7 (BD Biosciences).
Cell lysates were subjected to SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes. The following antibodies were used for detection: mouse anti-EGFP antibody (1:5,000; Cedarlane Laboratories Ltd.), rabbit anti-BaxN20 (1:500; Santa Cruz), mouse anti-Bax2D2 (1:10,000; Trevigen), mouse anti-Flag HRP (1:2,000; Sigma-Aldrich), mouse anti-Myc (clone 9E10; 1:2,500), mouse anti-T7 Tag (1:5,000; Novagen), mouse anti-HA antibody (clone 12CA5; 1:4,000; Roche Diagnostics), and mouse anti-Noxa (1: 300; Alexis Biochemicals). Proteins were visualized using enhanced chemiluminescence according to the manufacturer's directions (GE Healthcare).
RESULTS
FPV039 inhibits apoptosis induced by Bax.
Permeabilization of the outer mitochondrial membrane and the concomitant progression of apoptosis can be induced independently by either Bak or Bax (16, 53, 58, 77) . Because we have shown previously that FPV039 inhibits apoptosis induced by overexpression of Bak (6), we wanted to determine if FPV039 could likewise inhibit apoptosis induced by Bax overexpression. HeLa cells were transfected with pEGFP, pEGFP-FPV039(1-176) (which expresses full-length FPV039), pEGFP-FPV039 (142-176) (which expresses only the C-terminal transmembrane tail of FPV039), or pEGFP-Bcl-2, the prototypical cellular antiapoptotic protein, and apoptosis was triggered by expression of HA-Bax. Apoptosis was then quantified in transfected (EGFP-positive) cells by measuring the fluorescence intensity of TMRE, a fluorescent dye taken up exclusively by healthy mitochondria with an intact membrane potential (24, 55) . Overexpression of Bax resulted in the artificial activation of Bax (46, 84) and subsequent loss of the mitochondrial membrane potential in 45% of cells expressing EGFP, indicating that EGFP is not able to protect cells from apoptosis (Fig. 1A) . However, when EGFP-Bcl-2 was overexpressed along with Bax, apoptosis was significantly inhibited (Fig. 1A) . Similarly, full-length EGFP-FPV039(1-176) also inhibited Bax-induced apoptosis, with only 10% of transfected cells exhibiting a loss in mitochondrial membrane potential (Fig. 1A) . Conversely, EGFP-FPV039(142-176), the transmembrane tail of FPV039, did not protect against Bax-induced apoptosis, with more than 50% of transfected cells displaying a loss in mitochondrial membrane potential (Fig. 1A) .
To ensure that differences in the expression levels of either the EGFP-tagged proteins or HA-Bax were not influencing the results of this assay, we analyzed protein expression by Western blotting. EGFP-Bcl-2 was expressed at a slightly higher level than EGFP-FPV039(1-176), and this correlated with their respective abilities to inhibit apoptosis. EGFP and EGFP-FPV039(142-176) were robustly expressed; however, neither was able to inhibit apoptosis. In each case, HA-Bax was expressed to equally high levels (Fig. 1B) . Together these data indicate that, in addition to inhibiting apoptosis induced by the proapoptotic protein Bak, FPV039 also inhibits apoptosis induced by the overexpression of Bax.
FPV039 inhibits the conformational activation of Bax. Prior to the loss of mitochondrial membrane potential and the induction of apoptosis, Bax undergoes a series of conformational changes that result in its activation. In addition to the exposure of the C-terminal transmembrane domain of Bax, Bax reveals an N-terminal epitope that can be specifically detected by the antibody anti-Bax6A7 (43) . Detection of this N-terminal epitope, therefore, serves as a marker for Bax activation and impending apoptosis (43) . Given that FPV039 inhibited apoptosis induced by Bax overexpression, we sought to determine if FPV039 also prevented the activation of Bax. HeLa cells were infected with one of various recombinant VV at an MOI of 10, and Bax activation was visualized by confocal microscopy using the conformation-specific antibody anti-Bax6A7. Because each recombinant virus also expressed EGFP, green fluorescence served as a marker of infection. HeLa cells infected with VV⌬F1L, a VV devoid of the antiapoptotic protein F1L, in-VOL. 83, 2009 FPV039 INHIBITS Bax 7087 duced Bax activation ( Fig. 2A , panels d to f), whereas both VV-EGFP, a wild-type VV, and VV⌬F1L-Flag-FPV039(1-176), a VV devoid of F1L but expressing wild-type FPV039, significantly inhibited Bax activation ( Fig. 2A , panels a to c and g to i). VV⌬F1L-Flag-FPV039(⌬41-54), which expresses a mutated form of FPV039 lacking the putative BH3 domain, was unable to prevent Bax activation ( Fig. 2A , panels j to l). These results were quantified by counting cells positive for anti-Bax 6A7 staining (Fig. 2B) . To confirm the ability of FPV039 to inhibit Bax activation, we infected HeLa cells with the same panel of recombinant viruses and immunoprecipitated activated Bax from cell lysates using anti-Bax6A7. When lysed in 2% CHAPS, a detergent that does not artificially alter Bax conformation (42, 43) , activated Bax was precipitated detectably from cells infected with VV⌬F1L or VV⌬F1L-Flag-FPV039(⌬41-54) and not from cells infected with VV-EGFP or VV⌬F1L-Flag-FPV039(1-176), confirming the ability of both F1L and FPV039 to inhibit Bax activation (Fig. 2C) . Conversely, when cells were lysed in 1% Triton X-100, a detergent that artificially activates Bax (42, 43) , Bax was precipitated from all infected cells, validating the ability of antiBax6A7 to detect activated Bax (Fig. 2C) . Additionally, the confocal and immunoprecipitation experiments were repeated using VV⌬F1L-Flag-FPV039(1-94), a proapoptotic virus that expresses a truncated form of FPV039 lacking the BH2 and transmembrane domain (6) . This virus, like VV⌬F1L and VV⌬F1L-Flag-FPV039(⌬41-54), was unable to inhibit Bax activation (data not shown).
To confirm the ability of FPV039 to inhibit Bax activation we used a flow cytometry-based assay to precisely detect and quantify Bax conformational change. Jurkat cells were infected with VV-EGFP, VV⌬F1L, VV⌬F1L-Flag-FPV039(1-176), or VV⌬F1L-Flag-FPV039(⌬41-54), and the activation of Bax was induced by treatment with staurosporine (STS), a potent apoptotic stimulus (68) . Activation-associated exposure of the Bax N terminus was detected by staining with anti-Bax6A7 and quantified by flow cytometry. Jurkat cells mock infected and left untreated displayed a basal level of fluorescence attributable to nonspecific antibody binding (Fig. 3a) . Upon STS treatment of mock-infected cells, however, fluorescence intensity increased, indicating that Bax became activated and underwent a conformational change exposing its N terminus to binding by the anti-Bax6A7 antibody (Fig. 3a) . Conversely, cells infected with VV-EGFP completely inhibited the activation of Bax upon STS treatment due to the endogenous expression of F1L (Fig. 3b) . This phenomenon was dependent on the presence of F1L, because cells infected with VV⌬F1L were not protected from STS-induced Bax activation (Fig. 3c) . Importantly, and in agreement with the previous experiments (Fig. 2) , cells infected with VV⌬F1L-Flag-FPV039(1-176) were resistant to Bax activation induced by STS (Fig. 3d) , whereas cells infected with VV⌬F1L-Flag-FPV039(⌬41-54) were not (Fig. 3e) . Similarly, VV⌬F1L-Flag-FPV039(1-94) was unable to prevent STS-induced Bax activation (data not shown). No increase in fluorescence intensity was observed in Jurkat cells stained with an isotype control antibody, confirming the specificity of antiBax6A7 for conformationally active Bax (Fig. 3f) . Moreover, Jurkat cells deficient in both Bak and Bax did not exhibit an increase in fluorescence after infection or STS treatment, again confirming the specificity of our assay for Bax (Fig. 3g to k) . Jurkat cells overexpressing antiapoptotic Bcl-2 were completely resistant to Bax activation (Fig. 3l to p) . Together, these data indicate that FPV039, like both F1L and Bcl-2, is capable of inhibiting the activation-associated exposure of the Bax N terminus during virus infection and in response to potent apoptotic stimuli (Fig. 2 and 3) (42, 70) .
FPV039 inhibits Bax oligomerization. Subsequent to the conformational changes that result in Bax activation, Bax forms high-molecular-weight oligomers on the surface of the OMM that facilitate the loss of the mitochondrial membrane potential and the release of proapoptogenic cytochrome c (2-4). The formation of Bax oligomers represents the penultimate step in the induction of apoptosis by Bax. Because FPV039 inhibited the conformational activation of Bax, we wanted to determine whether FPV039 could also inhibit the consequent and climactic formation of Bax oligomers. To this end, HEK293T cells were transfected with a panel of EGFP-tagged FPV039 constructs and HA-Bax, followed by lysis with 2% CHAPS and treatment with BMH, a chemical cross-linker that irreversibly conjugates proteins at sulfhydryl groups (63) . In this way, Bax oligomers could be preserved and visualized by SDS-PAGE and Western blotting (Fig. 4) . Overexpression of HA-Bax alone, which is sufficient to induce apoptosis ( Fig. 1) , resulted in the formation of an approximately 44-kDa Bax dimer and a 66-kDa Bax trimer, both represented on Western blotting by distinct bands two and three times the size of monomeric Bax, present as a 22-kDa band. Additionally, higherorder oligomers of Bax were represented by the high-molecular-weight bands visible above 85 kDa (Fig. 4, lane 2) . EGFP alone, as expected, did not prevent the formation of Bax oligomers (Fig. 4, lane 3) . Importantly, EGFP-FPV039(1-176), like EGFP-Bcl-2, prevented the oligomerization of Bax (Fig. 4 , lanes 4 and 7), whereas EGFP-FPV039(⌬41-54), which lacks the putative BH3 domain, and EGFP-FPV039(1-94), which lacks the BH2 and transmembrane domains, were unable to prevent Bax oligomerization (Fig. 4, lanes 5 and 6) . Moreover, Western blotting of the lysates before the addition of BMH revealed that HA-Bax was expressed at similar levels in each case, as were all FPV039 constructs (Fig. 4 , bottom two panels). Thus, in addition to inhibiting the conformational activation of Bax, FPV039 also inhibited Bax oligomerization, the penultimate step in the induction of apoptosis by Bax. FPV039 interacts with Bax. The ability of FPV039 to inhibit Bax activation and prevent Bax-induced apoptosis implied that FPV039 might interact with Bax. To determine whether FPV039 interacted with Bax, HEK293T cells were transfected with pEGFP, pEGFP-FPV039(1-176), pEGFP-FPV039(⌬41-54), pEGFP-FPV039(1-94), or pEGFP-Bcl-2 and HA-Bax, followed by lysis in 2% CHAPS. Complexes were immunoprecipitated with an anti-GFP antibody and Western blotted with an anti-Bax antibody. Using this approach, an interaction between EGFP-FPV039(1-176) and HA-Bax was detected (Fig.  5A) . Importantly, FPV039 lacking the cryptic BH3 domain, EGFP-FPV039(⌬41-54), or the BH2 and transmembrane domains, EGFP-FPV039(1-94), was unable to interact with Bax, suggesting that the interaction depended on specific functional domains of FPV039 (Fig. 5A) . As expected, EGFP-Bcl-2 interacted with Bax, serving as a positive control in this experiment (Fig. 5A) (86, 88) . No Bax was precipitated in cells expressing HA-Bax alone or coexpressing HA-Bax along with EGFP, further confirming the specificity of the interaction between FPV039 and Bax. Although each EGFP-tagged pro- -94) , or pEGFP-Bcl-2 and pcDNA3-HA-Bax, followed by lysis with 2% CHAPS. Cell lysates were immunoprecipitated (IP) with anti-EGFP and Western blotted (WB) with either anti-BaxN20 or anti-EGFP to detect interaction. Whole-cell lysates were Western blotted with anti-BaxN20 or anti-EGFP to determine the expression levels of HA-Bax or the EGFP-tagged proteins, respectively. (B) HEK293T cells were cotransfected with pEGFP, pEGFP-F1L, pEGFP-M11L, pEGFP-FPV039(1-176), pEGFP-N1L, or pEGFP-Bcl-2 and pcDNA3-HA-Bax. Immunoprecipitations and Western blotting was performed as described for panel A. zVAD.fmk was added following transfection to prevent the activation of caspases. tein was precipitated equally (Fig. 5A, second panel) , lysates were also Western blotted to ensure that all proteins were expressed at comparable levels. Notably, HA-Bax was similarly expressed in each case, as were all FPV039 constructs (Fig. 5A , bottom two panels). These data provide convincing evidence that FPV039 interacts with Bax and that this interaction is dependent on Bcl-2 functional domains, including the cryptic BH3 domain.
In an effort to compare FPV039 with other poxviral inhibitors of apoptosis, we performed a second coimmunoprecipitation experiment and included EGFP-F1L or EGFP-N1L, both antiapoptotic proteins encoded by vaccinia virus, and EGFP-M11L, the antiapoptotic protein encoded by myxoma virus (Fig. 5B) . As previously shown, M11L, like FPV039, exhibited an interaction with Bax, whereas F1L failed to interact with Bax ( Fig. 5B) (49, 65, 70) . Contrary to previously published results (17), N1L did not exhibit an interaction with Bax in this assay (Fig. 5B) .
We excluded the possibility that FPV039 was interacting with Bax through an interaction with Bak by repeating the immunoprecipitations in Bak-deficient baby mouse kidney cells. Cells were transfected with pEGFP, pEGFP-Bcl-2, or pEGFP-FPV039(1-176) and cotransfected with pcDNA-HABax. Following lysis and immunoprecipitation, Western blot analysis revealed that FPV039, like Bcl-2, was able to interact with Bax even in the absence of Bak (Fig. 6) . These data collectively suggest that FPV039 interacts with Bax, a property not necessarily shared among other poxvirus inhibitors of apoptosis like F1L and N1L.
FPV039 interacts with endogenous activated Bax. During transient transfection, Bax is overexpressed and, consequently, activated. Although we demonstrated that FPV039 interacted with Bax in the context of overexpression, we wanted to determine if FPV039 could also interact with endogenous Bax in the context of virus infection, when the majority of Bax is apparently inactive ( Fig. 2 and 3 ). To address this question, HeLa cells were infected with VV⌬F1L, VV-Flag-F1L, which expresses a Flag-tagged version of the antiapoptotic protein F1L, or VV⌬F1L-Flag-FPV039(1-176), which expresses full-length Flag-FPV039. Cell lysates were first immunoprecipitated with an anti-Flag antibody and Western blotted with an anti-Bax antibody to detect an interaction. Despite robust precipitation and expression of FPV039, an interaction between FPV039 and endogenous Bax was not observed in this experiment (Fig. 7A) . Similarly, F1L also failed to interact with endogenous Bax during virus infection, as previously shown (Fig. 7A) (70) . Our inability to detect Bax by precipitating FPV039 suggested that the expression of FPV039 potently prevented Bax activation ( Fig. 1 to 4 ) and therefore preempted an interaction between FPV039 and active Bax at the mitochondria. However, we wondered whether FPV039 could interact with the minute (Fig. 7B, second panel) . Precipitation of active Bax resulted in the coprecipitation of FPV039 (Fig. 7B) , indicating, along with Fig. 5 and 6 , that FPV039 interacted with endogenous active Bax. Precipitation of active Bax also coprecipitated F1L (Fig. 7B ), albeit to a lesser extent, which agrees with the observed ability of F1L to interact with artificially activated Bax in the presence of the detergent Triton X-100 (70) . Although we were able to detect Flag-FPV039 by precipitating active Bax (Fig. 7 B) , we were unable to detect Bax by precipitating Flag-FPV039 (Fig. 7A) . Since FPV039 is a potent inhibitor of Bax activation ( Fig. 1 to 4) , the vast majority of Bax within a cell expressing FPV039 is inactive and presumably unable to interact with FPV039. Thus, the small minority of activated Bax that interacts with FPV039 (such as might be observed in Fig. 7A) is likely below the level of detection that can be achieved by Western blotting using our antibodies. Together, these data suggest that FPV039, like Bcl-2 and Bcl-X L (9, 21, 89) , is capable of interacting with activated Bax. FPV039 inhibits apoptosis induced by BH3-only proteins. The BH3-only proteins are proapoptotic members of the Bcl-2 family that induce apoptosis by facilitating the activation of both Bak and Bax (15) . Given that FPV039 is a potent inhibitor of apoptosis, we wondered whether FPV039 was also capable of inhibiting cell death induced by the overexpression of BH3-only proteins. To this end, HeLa cells were transfected with pEGFP, pEGFP-FPV039(1-176), or pEGFP-Bcl-2, pEGFPBcl-X L , or pEGFP-Mcl-1 and cotransfected with a plasmid encoding one of eight BH3-only proteins. Apoptosis was then quantified in transfected (EGFP-positive) cells by measuring the fluorescence intensity of TMRE. EGFP alone was unable to prevent apoptosis induced by the overexpression of BimL, Bik, Bmf, or Bad, each of which induced apoptosis in over 40% of the cells. Conversely, coexpression of either EGFP-Bcl-2 or EGFP-FPV039(1-176) reduced apoptosis to less than 1% (Fig. 8A to D) . Similarly, full-length Bid and active tBid induced apoptosis in approximately 50% of cells coexpressing EGFP, and this was reduced to less than 10% upon expression of EGFP-Bcl-X L or EGFP-FPV039(1-176) (Fig. 8F and G) . Overexpression of Puma and Noxa induced apoptosis in only 26% and 14% of cells, respectively, but this was reduced to less than 5% upon coexpression of EGFP-Bcl-2, EGFP-Mcl-1, or EGFP-FPV039(1-176) ( Fig. 8E and H) . Lysates of transfected cells showed that, in each case, BH3-only proteins were being expressed (Fig. 8) . Together these data indicate that FPV039 is able to inhibit apoptosis induced by the overexpression of BimL, Bik, Bmf, Bad, Puma, Bid, tBid, and Noxa.
FPV039 interacts with a subset of BH3-only proteins. Given the ability of FPV039 to inhibit apoptosis induced by all eight BH3-only proteins tested, we next sought to determine whether FPV039 could also interact with BH3-only proteins. One BH3-only protein in particular, Bim, is thought to directly activate Bax and has been previously shown by our lab to be required for vaccinia virus-induced apoptosis (70) . To determine if FPV039 was capable of interacting with Bim, HEK293T cells were transfected with pEGFP, pEGFP-F1L, pEGFP-M11L, pEGFP-FPV039(1-176), or pEGFP-Bcl-2 and cotransfected with pcDNA3-BimL. Following lysis in 2% CHAPS, EGFP was precipitated using an anti-EGFP antibody, and Western blotting was subsequently performed using both antiFlag and anti-EGFP antibodies. As expected, EGFP-Bcl-2 exhibited an interaction with BimL, whereas EGFP alone did not (Fig. 9) (57) . Interestingly, EGFP-FPV039(1-176) also precipitated BimL, suggesting that, like Bcl-2, FPV039 was capable of interacting with BimL (Fig. 9) . Additionally, EGFP-M11L, which has been previously shown to interact with BimEL (49), also interacted with BimL, as did EGFP-F1L, as previously shown (70) (Fig. 9) . Each EGFP-tagged protein was precipitated at equal levels (Fig. 9, second panel) , and Western blotting of the lysates confirmed that the EGFP-tagged proteins, as well as BimL, were expressed at comparable levels in each case (Fig. 9 , third and fourth panels).
We next examined the ability of FPV039 to interact with seven other BH3-only proteins. Using a similar transfection and immunoprecipitation procedure as described for BimL, we confirmed the interaction between each BH3-only protein and the appropriate EGFP-tagged, antiapoptotic Bcl-2 family protein (Fig. 10) . As expected, Bik, Bmf, Bad, and Puma all coprecipitated with EGFP-Bcl-2 ( Fig. 10A to D) , whereas Bid and tBid coprecipitated with EGFP-Bcl-X L (Fig. 10E and F) and Noxa coprecipitated with Mcl-1 (Fig. 10G) . Interestingly, only Bik coprecipitated with EGFP-FPV039(1-176) to significant levels, suggesting that Bik and FPV039 interacted (Fig.  10A) . Bmf exhibited a slight interaction with FPV039; however, the reciprocal immunoprecipitation did not detect an interaction (Fig. 10B and data not shown) . Similarly, Noxa also displayed a slight interaction with FPV039, but the intensity of this interaction appeared insignificant when compared with the interaction between Noxa and Mcl-1 (Fig. 10G) . In each case, EGFP was precipitated at equal levels, and the lysates showed that expression of the EGFP-tagged proteins, as well as the BH3-only proteins, was comparable (Fig. 10A to G, bottom three panels). In the case of Bmf and tBid, where the lysate levels of the two BH3-only proteins appeared lower upon cotransfection of EGFP-FPV039, we performed the reciprocal immunoprecipitation and confirmed the absence of any interaction (Fig. 10B and F and data not shown) . Thus, it is clear from these data that FPV039 is capable of interacting with only two BH3-only proteins: BimL and Bik.
DISCUSSION
To prevent the premature suicide of an infected cell, many viruses encode proteins that specifically inhibit the activity of Bak and Bax, the two critical proapoptotic Bcl-2 family proteins (18, 40) . Poxviruses, in particular, encode a variety of antiapoptotic proteins, the majority of which bear little sequence similarity to each other or the Bcl-2 proteins they inactivate (25, 75, 78) . In fact, only the Avipoxvirus genus, of which fowlpox virus is the prototypical member, encode proteins with obvious sequence homology to Bcl-2 family members (1, 71) . We have previously shown that FPV039, encoded by fowlpox virus, interacts constitutively with Bak and inhibits Bak activity to abrogate apoptosis (6); however, because Bak and Bax often function redundantly, both Bak and Bax must be inactivated to inhibit apoptosis (53, 77, 90) . Here we have shown that FPV039 also inhibits Bax activation and Bax-induced apoptosis.
The induction of apoptosis by Bax is a complex and multistep process involving numerous conformational changes and the relocalization of Bax from the cytosol to the OMM. FPV039 inhibited apoptosis induced by Bax overexpression (Fig. 1) and prevented the formation of Bax oligomers (Fig. 4) , which ultimately facilitate the release of cytochrome c and the commitment to apoptosis (2) (3) (4) . Moreover, in the context of virus infection, FPV039 functionally replaced F1L, the endogenous inhibitor of apoptosis in vaccinia virus, and prevented the activation-associated exposure of the Bax N terminus (Fig.  2 and 3 ), a step that is thought to occur concomitantly with Bax relocalization to the OMM and prior to Bax oligomerization (10, 34, 41, 51, 56, 83) . We also demonstrated that FPV039 interacted with Bax during transient transfection (Fig. 5) , when Bax was overexpressed and activated. Additionally, FPV039 interacted with endogenous Bax during virus infection, but only when active Bax was specifically precipitated (Fig. 7) , suggesting that FPV039 interacts with active but not inactive Bax. Further, FPV039 inhibited apoptosis induced by the upstream activators of Bax and Bak, the BH3-only proteins, and interacted with at least two of them, BimL and Bik. The ability of FPV039 to interact with active Bax and inhibit Bax activation was dependent on a structural element homologous to the BH3 domain ␣-helix of Bcl-2 (6). Although FPV039 possesses a highly conserved BH1 and BH2 domain, FPV039 lacks obvious BH3 and BH4 domains. Nonetheless, FPV039 is predicted to be comprised of eight ␣-helices, each of which closely corresponds to the ␣-helices in Bcl-2 and one of which corresponds precisely with the ␣2-helix that makes up the Bcl-2 BH3 domain (1, 6) . Deleting this putative BH3 domain abrogated the ability of FPV039 to inhibit Bax activation (Fig. 2, 3 , and 4) and prevented FPV039 from interacting with both Bak (6) and Bax (Fig. 5) . In cellular antiapoptotic Bcl-2 proteins, the BH3, BH2, and BH1 domains form a hydrophobic pocket that binds the amphipathic BH3 ␣-helix of the proapoptotic Bcl-2 family members, thus forming the basis of the interactions that occur among this family (60) . Despite the lack of sequence homology in the FPV039 BH3 domain, this domain was critical to the function of FPV039, which, along with the apparent structural homology, strongly suggest that this domain contributes to the formation of a hydrophobic pocket involved in interacting with proapoptotic Bcl-2 proteins. Curiously, like FPV039, most other viral Bcl-2 (vBcl-2) homologues lack a conserved BH3 domain sequence (18, 40) , although the evolutionary advantage, if any, of such an adaptation is unclear.
Indeed, the structure of vBcl-2 proteins appears to play a critical and interesting role in their ability to function. It has recently been shown that the antiapoptotic proteins F1L and M11L, which lack obvious sequence homology with each other or cellular Bcl-2 proteins, both share striking structural similarity to Bcl-2 family members (22, 49, 50) . Like FPV039, both F1L and M11L interact constitutively with Bak (6, 61, 72, 74) , and all three proteins appear to interact with activated Bax (65, 70) (Fig. 5 and 7) . Another recently characterized vaccinia virus protein, N1L, also possesses structural homology to cellular Bcl-2 proteins; however, contrary to what has been previously shown, we were unable to detect an interaction between Bax and N1L (5, 17) (Fig. 5B) . It may be that N1L along with B14 and A52, two other vaccinia virus proteins that structurally resemble Bcl-2 family members, inhibit NF-B instead of apoptosis (20, 35, 45) . Regardless, the structure of these vBcl-2 proteins, including FPV039, is certainly important to their ability to interact with and inhibit the proapoptotic Bcl-2 proteins.
Direct targeting of Bax and Bak is not the only strategy employed by viruses to inhibit apoptosis. Many vBcl-2 proteins modulate the apoptotic cascade by interfering instead with the BH3-only proteins, the upstream activators of Bak and Bax. We demonstrated that FPV039 inhibited apoptosis induced by the overexpression of eight BH3-only proteins (Fig. 8 ) and interacted detectably with two of them, BimL and Bik ( Fig. 9  and 10 ). Bim has been implicated in the direct activation of Bax (11, 30, 39, 48) , and the importance of BimL as an activator of Bax during virus infection is underscored by the ability of F1L to inhibit Bax activation by inactivating BimL (70) . Likewise, Bik has also been shown to trigger the activation of Bax (31, 32) . Besides F1L and FPV039, several other vBcl-2 proteins have been shown to interact with one or more of the BH3-only proteins. Here we show that M11L interacted with BimL (Fig. 9) , and it has been previously shown that M11L interacts strongly with BimEL but not at all or weakly with other BH3-only proteins (49) . Similarly, A179L, encoded by African swine fever virus, and E1B19K, encoded by adenovirus, interact with Bak and Bax as well as certain BH3-only proteins to inhibit apoptosis (28, 38, 66, 85) . Still other vBcl-2 proteins inhibit apoptosis apparently via interactions exclusively with BH3-only proteins and not with Bak or Bax. For example, Kaposi's sarcoma-associated herpesvirus Bcl-2 and BHRF1, both encoded by herpesviruses, do not interact with Bak or Bax but instead with various BH3-only proteins (27) . It is well known that cellular antiapoptotic Bcl-2 proteins each bind to a specific subset of BH3-only proteins (12, 13, (79) (80) (81) .
A similar specificity appears to govern vBcl-2 proteins, including FPV039; however, the BH3-only binding profile among each vBcl-2 protein differs considerably. Indeed, the determinants of, and the functional basis for, the disparate binding profiles of vBcl-2 proteins remain to be determined. Nonetheless, the ability of viral proteins to inhibit cell death is clearly not confined to their ability to interact with the two gatekeepers of apoptosis, Bak and Bax: inactivating the upstream BH3-only proteins may be an equally effective strategy.
Taken together, our data suggest a model for FPV039-mediated inhibition of apoptosis that involves both indirect and direct inactivation of Bak and Bax, the two critical proapoptotic Bcl-2 proteins. The ability of FPV039 to interact with Bim and Bik, two BH3-only proteins known to activate Bax, suggests that FPV039 may counter apoptosis by inhibiting Bim and Bik and preventing the eventual activation of Bax. In particular, Bim appears to be a crucial activator of apoptosis in response to vaccinia virus infection (70) , and several other vBcl-2 proteins, including F1L and M11L, demonstrate an interaction with Bim (Fig. 9) , suggesting that the ability of FPV039 to interact robustly with BimL is physiologically relevant. Thus, it may be that by sequestering and inactivating certain BH3-only proteins, like BimL and Bik, FPV039 is able to indirectly inhibit Bax activation during virus infection. Conceivably, because inactive Bax resides in the cytoplasm (41, 83) and FPV039 localizes to the OMM (6), suppression of Bax activation by BH3-only proteins would keep Bax and FPV039 physically separated, explaining our inability to coprecipitate Bax when precipitating Flag-tagged FPV039 during virus infection (Fig. 7A) . Indeed, such a phenomenon has been previously described for the cellular antiapoptotic proteins Bcl-2 and Bcl-X L . Both Bcl-2 and Bcl-X L interact with Bax only upon receipt of an apoptotic stimulus (9, 21, 89) , when Bax becomes activated and translocates to the OMM, or in the context of detergents like Triton X-100 that artificially promote Bax heterodimerization (42, 43) . Curiously, although FPV039 inhibited apoptosis induced by all eight BH3-only proteins, FPV039 only interacted with BimL and Bik. It is possible that sequestration of BimL and Bik is enough to inhibit Bax activation, but it is also possible that FPV039 interacted weakly or transiently with other BH3-only proteins and our system was not sensitive (52) . Indeed, Bcl-X L can sequester tBid to prevent Bax activation and, in cases where Bax becomes activated regardless, Bcl-X L can also sequester active Bax to prevent its subsequent oligomerization (9, 54) . In the case of Bcl-X L , sequestration of both tBid and active Bax each contribute significantly to the inhibition of apoptosis (9) . It therefore seems likely that FPV039 may inhibit the induction of apoptosis in a manner similar to Bcl-X L . Given the ability of FPV039 to interact with Bak (6), as well as active Bax and certain BH3-only proteins, it is evident that FPV039 targets multiple proapoptotic Bcl-2 family members to inhibit apoptosis. It is interesting that FPV039, which interacts with chicken Bak (6), presumably evolved to counteract the avian members of the Bcl-2 family, yet FPV039 also inhibits apoptosis and interacts with human Bcl-2 proteins in human cells. Although this underscores the evolutionary relatedness of the apoptotic program, it is possible that FPV039 may exhibit slightly different binding profiles in avian cells. Unfortunately, only Bmf (33) and Bid (19) homologues have been characterized in chicken cells, and an incompletely annotated chicken genome coupled with a paucity of reagents have so far prevented a detailed examination of avian apoptosis.
FPV039, along with M11L and F1L, are powerful tools for dissecting the complex biochemical mechanisms that control cellular fate in all metazoans. These well-characterized viral inhibitors of apoptosis, which may share a common ancestor (6) , have evolved to inhibit apoptosis in discrete yet functionally equivalent manners, and understanding precisely how they achieve this inhibition will help elucidate the role that apoptosis plays in infection and disease, including cancer. Furthermore, the recent interest in fowlpox virus as a vaccine vector and gene therapy tool (8, 62) necessitates the study of fowlpox viral immunomodulatory proteins like FPV039.
